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ABSTRACT 

The effects of geometry and Reynolds number on the attachment and 
separation of a fluid jet flowing over a convex wall are experimentally 
determined. The results are presented in terms of normalized parameters 
in a form suitable for comparison with theoretical results. Reasonably 
good agreement is obtained between the experimental results and those 
predicted theoretically by Gortler and Glauert, particularly for regions 
of flow away from the control port. The effects of the wall setback and 




control port are most pronounced in a region near the power nozzle* 
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temperature correction factor 
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quadrant wall pressure 
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supply pressure relative to that of the surroundings 


p 
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stagnation pressure in the power jet 
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volumetric flow rate 
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local fluid velocity 
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maximum fluid velocity in a given profile 
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average velocity in the power jet 
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1 . 



Introduction. 



Turbulent jet attachment to a convex wall is part of a more general 
phenomenon known as the *’Coanda Effect**. This effect was described by 
Young (1)* in 1800 and by Reynolds (2) in 1870. However, it was Coanda 
(3) in 1910, who first realized its importance and began to experiment 
with it. 

Historical Summary 

In 1910, a student of Alexandre Gustave Eiffel, designer of the 
Eiffel Tower and a pioneer in aerod3mamics, named Henri Coanda designed 
and flew what can be thought of as the first jet airplane. A gasoline 
engine was used to power an air compressor whose output was fed into two 
nozzles. Fuel was fed into these nozzles and subsequently ignited, thus 
obtaining a thrust producing device. Since the fuselage was made of ply- 
wood, Coanda was afraid that the exhaust flames would set the fuselage 
on fire. Therefore, he installed a metal deflector on each side of the 
fuselage to deflect the flames away from it. As he taxied down the runway 
on the airplane's maiden flight, he was astonished to find that instead of 
deflecting the flames away from the fuselage, they were directed at the 
fuselage, thus setting the airplane on fire. Coanda presented his dis- 
covery to Theodor Von Karman who realized this was a new phenomenon and 
subsequently named it the **Coanda Effect**. 

Coanda gave up flying and spent the rest of his spare time in experi- 
menting with his discovery, especially in trying to improve lift and 
thrust on airplane wings. 

The *’Coanda Effect*' concerns the flow of fluid jets in the vicinity 
Numbers in parenthesis refer to references listed in bibliography 
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of solid boundaries. Under certain conditions, if a jet of fluid flows 
near a surface, the jet will become attached to the surface and then flow 
along it. 

Consider a jet of fluid emerging from a duct bounded on one side by 
an inclined plane (Fig. la). The emerging jet entrains ambient fluid caus- 
ing a low pressure area adjacent to the jet. On the unbounded side of the 
jet, the entrained fluid causes the jet to expand in the manner of a normal 
free jet. Below the jet, however, the inclined surface retards the entrain- 
ment. This is called the “'entrainment deprivation". The entrainment dep- 
rivation causes the jet to be deflected toward the boundary (Fig. lb). 

Thus at the boundary-jet interface an even lower pressure region is set up. 
The jet finally attaches to the boundary and flows along it until the 
stagnation pressure begins to approach ambient pressure. At this point the 
jet begins to separate fran the boundary v;ith entrainment beginning again. 
Between the exit of the duct and the point of attachment a vortex is set up 
between the jet and the boundary. This is a very low pressure region which 
serves to keep the jet attached and to stabilize the flow. One of the ef- 
fects of this low pressure region is to increase the mass rate of flow in 
the duct due to the increased pressure drop. 

Coanda, and a number of others, have subsequently experimented with this 
effect to improve lift on an airfoil by providing an air supply to a slit at 
the leading edge of the airfoil and allowing it to attach to the airfoil, 
thus creating a lower pressure above the airfoil. This effect has also been 
utilized to improve the lift characteristics of ground effect machines. 

In the 1930 *s and 1940 ®s several patents were issued for control devices 
utilizing the "Coanda Effect". However because of the impetus of the elec- 
tronics industry, very little was done with them. 
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FIGURE 1. COANDA EFFECT 
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Then in I960 the Army^s Harry Diamond Laboratories began working on 
these devices, now called fluid amplifiers. The Army was interested in 
these devices, even though they are slower than electronic devices, pri- 
marily because of their simplicity. They have no moving parts, are simple 
to construct, any fluid can be utilized, and they are relatively insensi- 
tive to environmental conditions. 

Figure 2 shows a simple schematic of a fluid amplifier. Its opera- 
tion is very simple and straightforward. 

Assume that with fluid flowing in the power jet, the jet has attached 
itself to the outer boundary of load port #1 and the fluid is flowing 
through the load port. If a small pressure is applied to control port #1, 
the jet will detach itself from load port #1 and reattach itself to load 
port #2. The reverse procedure will produce the opposite result. 

The term fluid amplifier thus is derived from the fact that a relatively 
low pressure in the control port can be used to control a higher pressure 
in the load port. In particular, this is a bistable fluid amplifier since 
it can produce a stable flow in either one of the two load ports. These 
devices can be staged by using the output of one load port as the control 
flow of the next amplifier. In this way, very high amplifications can be 
attained. 

The problem that existed then and that exists today is the fact that 
there are no closed form analytical solutions available to predict the 
performance of these devices. There have been several experimental and 
theoretical studies made of certain aspects of the performance of fluid 
amplifiers. The characteristics of certain parameters such as the attach- 
ment point, separation point, and the separation angle have been studied 
but no overall correlation between flow rates and geometry has been estab- 
lished. The desirability of such a solution is rather obvious. The 
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FIGURE 2. BISTABLE FLUID AMPLIFIER 



design of an amplifier could be optimized and scaliug up or down could 
be accomplished with a greater degree of success than is realized today. 

All the knowledge now in existence has been gained for the most part 
on an experimental basis. There are, however, two geometrical factors 
which tend to improve the performance of fluid amplifiers under all condi- 
tions . 

The first of these is the fact that if the leading edge of the load 
port is offset from the wall of the power jet, the attachment becomes 
stronger and more stable. This is presumably because the offset allows 
more space for the vortex to become established and develop a region of 
low pressure. The second factor is the shape of the Coanda walls. By 
making the attachment-side of the load port convex instead of straight, 
the pressure recovery factor is considerably increased. The pressure 
recovery factor, referred to hereafter as the "pressure recovery", is 
the ratio of the load port pressure to the power jet pressure. This ratio 
was limited to about 0.60 with straight Coanda walls, while with convex 
walls the factor has been increased to as much as 0.85 (4). 

As mentioned earlier, it is for the purpose of providing data for 
the understanding of the effects of wall curvature that the present experi- 
mental investigation was undertaken. 
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2, Previous Theoretical and Experimental Studies, 

Newman (5), in 1961, published a comprehensive review of the experi- 
mental and theoretical studies of the Coanda Effect, He verified Coanda*s 
observations that the wall pressure is indeed reduced after jet attachment 
and that the mass flov; rate in the power jet is increased. 

Flow around a cylinder issuing from a tangential slot was investigated. 
His results have shown that attachments of greater than 180 degrees could 
be achieved and that at Reynolds numbers greater than Re^ = 1200 the 
separation point becomes independent of Reynolds number. This was found 
to be especially true for cases v;hen the slot width was small compared to 
the radius of the cylinder. 

Newman did a dimensional analysis on the angle of separation and 



found that 



©sep - / 



AiL ^ 

R ■’ 



(f - Pc) u>- R 
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where w is the width of the slot and R is the radius of the cylinder. He 
was not successful, hov;ever, in formulating an analytical solution for the 
pressure profile around the cylinder. 

For the prediction of velocity profiles at various angles around the 
cylinder, Newman (5) used Gortler‘s (6) solution for a free turbulent jet 
above the maximum velocity and a numerical solution by Glauert (7) for 
the profile between the maximum velocity and the boundary. 

Gortler*s solution for a free jet is 

M H m , , 

^ 

where u is the local fluid velocity, u the maximum velocity in a given 

m 

profile, y the radial distance from the wall to the maximum velocity. 




U. 



r 5 e C h' 
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and y » the distance tc the point where the local velocity is one half 
m/ 2 

of u * 
m 

Gortler assumed, in the derivation of the above expression, that 

the pressure throughout the jet is equal to that of the surroundings, 

the eddy viscosity is constant across the jet and proportional to u 

m 

^m/2^ and that the effects of the kinematic viscosity may be ignored. 

Glauert’s solution for the velocity profile between u and the 

m 

boundary requires a numerical integration of a differential equation. 

In comparing the experimental results with Glauert’s solution, there- 
fore, a normalized plot prepared by Newman, through the use of the 
equation obtained by Glauert, was used. Without going into the mathe- 
matical details of Glauert's solution, it is sufficient to note that 
Glauert assumed the radius of curvature of the boundary to be relatively 
large and the eddy viscosity to be proportional to u^. It must be fur- 
ther pointed out that all of the solutions cited above, namely those due 
to Gortler, Glauert, and Newman dealt only with the flow around a circu- 
lar cylinder with a tangential power jet, and that no theoretical or 
experimental work exists on the characteristics of flow about a similar 
curved wall for which there is a control port and a setback relative to 
the power jet. 

The experimental data obtained in the present investigation will be 



compared with the results from the theoretical analysis of Gortler and 
Glauert. 
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3. Experini6ntal EquipmGnt and ProcedurG. 



Experimental Apparatus 

Figure 3 shows the physical arrangement of the experimental apparatus. 
The general operation of the experimental apparatus was as follows: 

Air, at approximately 170 psig, was supplied to the apparatus through 
a one inch stop valve and then fed into a series of three pressure regula- 
tors which were used to control the flow rate. The pressure regulators 
had operating ranges (maximum input and maximum output) of 400 and 125 
psig, 90 and 30 psig, and 30 and 2 psig respectively. After leaving the 
regulators the air v/as directed into an appropriately sized Fisher-Porter 
rotameter. From the rotameter the air was fed into the test section 
through a long length of 3/4" I.D. plastic tubing terminated by a length 
of 3/4 I.D. steel tubing inserted into the power jet of the test section. 

Pressure of the rotameter, power jet, and the wall pressure taps on 
the convex wall were monitored by a Sanborn differential-pressure trans- 
ducer with a range of zero to 42.92 inches of mercury. Individual pres- 
sure readings were taken by opening and closing appropriate valves on a 
common pressure manifold. 

The output of the pressure transducer was monitored by a Hewlett- 
Packard Model 7712 two-channel strip recorder with a Sanborn 350-HOOC 
carrier preamplifier. 

A pitot tube coupled with a micrometer barrel was used to take the 
velocity profiles. The pitot tube was made of brass tubing of 0.038 
inches 0*D« and 0,026 inches I.D, 

Test Section 

The test section was fabricated from a sheet of one inch plexiglass 
placed between ti^o %" sheets of plexiglass (See Figures 4 and 5). The 
two movable sections which bound the power jet were cut to approximate 
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FIGURE J. EXPERIMENTAL EC?JIP>!EI 
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FIGURE 4. TEST SECTION 



STATIC POWER JET 
PRESSURE TAP 
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FKURE 5* SCHEMATIC OF TEST SECTION 



dimensions and then cut to final dimensions on a milling machine. The 
static pressure tap for the pov/er jet was then drilled in the upper panel 
and the faces in contact with the fluid were given a final hand polishing 
with rouge. The upper and lower panels were then clamped on a lapping 
table with a gags block between them for the power jet. The two panels 
were then glued together at the entrance end with a block which pro- 
vided the transition from the inlet tube to the rectangular power jet. 

A circular block was cut out of a one inch sheet of plexiglass to 
form the quadrant. After machining the block to approximately a ten inch 
diameter, the pressure taps were drilled in the periphery. These holes 
V7ere drilled with a #67 drill, on an indexing head, every six degrees; 
staggered 1 / 16 *' off center as follows: centerline, 1 / 16 ** left of centerline, 
1 / 16 ** right of centerline, centerline, etc. The quadrant was then cut out 
of the block and all surfaces polished with rouge. 

At this point it was decided to make the panel assembly movable to 
provide variability for the setback and the control port v/idth. This was 
accomplished by machining %** square holes around all edges of the panel as- 
sembly at approximately two inch intervals. Thus the panel could be moved 
in tv70 directions relative to the quadrant. The panel assembly was made 
movable instead of the quadrant because of the large number of pressure 
taps emanating from the quadrant. 

The two side plates were made of %** plexiglass sheets. A circular slot 
for the pitot tube jig was machined in both side plates. These slots have 
a common center of curvature with the quadrant to insure consistent radial 
settings of the pitot tube. 

The quadrant was then dowelled to one of the side plates as a refer- 
ence. The panel assembly was then placed next to the quadrant to estab- 
lish the zero setback condition with a depth micrometer. The test section 
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was completed by placing the other side plate on cop of the quadrant and 
the panel assembly, and bolting the resulting assembly together. 

Procedure 

Each run consisted of first selecting a value of setback, flow rate, 
and control port condition (open or closed). Then the following parameters 
were recorded: (1) atmospheric pressure and temperature; (2) rotameter out- 

let pressure; (3) power jet wall pressure; (4) wall pressures along the 
quadrant (14 readings); and (5) velocity readings every 0.05 inches from the 
quadrant and every 12 degrees along the quadrant. 

Setback 

Each one of the three setbacks used (0.025**, 0.050'*, and 0.075") was 
set into the test section by using a depth micrometer to measure the set- 
back. A gage block was inserted into the control port during the above 
measurement to maintain the parallelism of the sides of the control port. 
This was necessary because the control port boundaries were formed by the 
quadrant and panel assembly which are not directly coupled. 

Control Port Conditions 

Both the open, and closed, control port conditions were investigated. 
The closed control port condition was achieved by inserting a small piece 
of modelling clay into the inlet of the control port. 

Flow Rate 

The flow rate was established with the use of a Fisher-Porter rota- 
meter, number FP 3/4-27-G-lO. The rotameter float used was a number 3/4- 
GNSVT-59 which gave a 100% flc<\v^ rate of 19.8 SCFM. 

For each value of setback and each control port condition, six flow 
rates were used. These corresponded to 40, 50, 60, 70, 80, and 85 per- 
cent of the full capacity of the rotameter. These flow rates resulted in 
Reynolds numbers based on the hydraulic diameter of the power jet of from 
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approximately 16,000 to 35,000. Or, in terms of the Reynolds number based 
on the power jet width of from approximately 9,800 to 22,000. The lat- 
ter is the more common Reynolds number used in association with fluid 
amplifiers . 

Calibration 

Calibration v/as accomplished by connecting both the pressure trans- 
ducer and a micromanometer to the pressure manifold. The atmospheric refer- 
ence valve was opened and the manometer zeroed. Then the reference valve 
was closed and the valve from the pov/er jet pressure tap was opened to 
provide a pressure source. 

The flow rate was then adjusted until the manometer again was zeroed 
on one inch of V7ater. By adjusting the gain on the amplifier, a full- 
scale deflection of 50 mm was achieved with the attenuation on position 
number one. The linearity of the recording system was checked with various 
amounts of pressure. No deviation from the straight calibration curve was 
detected. 

After selecting the setback and choosing the condition of the control 
port, and after balancing and calibrating the recorder, a typical run was 
made as follows: 

1. A specific flow rate was set with the rotameter; 

2. The reference valve was opened and the recorder positioned 
to zero; 

3. The reference valve was closed and the rotameter outlet 
pressure valve was opened; 

4. After the pressure was recorded the pressure valve was 
closed and the reference valve was again opened, thus refer- 
encing the pressure readings to atmospheric pressure; 



23 



5. 



The above procedure was repeated for Che power jet pressure 
and the 14 pressure taps along the quadrant; 

6. With the valve manipulation remaining the same the velocity 
profiles were taken at 6, 18, 30, 42, 54, 66, and 78 degrees 
around the quadrant. Velocity readings were taken at 0.05 
inch intervals up to 1.3 inches or until no output could be 
detected at the lowest attenuation setting of the amplifier. 
Data Reduction 

The following procedure was used in the reduction of the test data: 

The flow rate in standard cubic feet per minute was first calcu- 
lated by writing 

Q(SCFM) = Rotameter reading x 100% full flow x CF(T) x CF(P) 

where 

CF(P) = atmospheric pressure correction factor, 

and 

CF(T) = atmospheric temperature correction factor. 

The correction factors were obtained from the Fisher-Porter instruc- 
tion manual. 

Next the average velocity in the power jet was calculated from 

U (FT/SEC) = Q/A 
o c 

v;here 

is the cross sectional area of the power jet. 

With the average velocity in the power jet kno\>m, the stagnation 

pressure corresponding to the velocity U was calculated from 

o 

P (IN H-0) = p + k /> U 
o 2 ' o 

The wall pressures were divided by P^ to form the dimensionless para- 
meter each pressure cap along the quadrant. 
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The normalized velocity profiles u/U^ were obtained by plotting 

them in terms of y/R v/here y is the radial distance from the surface 

quadrant and R the radius of the quadrant. 

Finally the Reynolds number was calculated as Re = V ur' / i) . 

wo 

All fluid properties were evaluated at 14.7 psia and 70°F. 



4. Discussion of Results and ConclusionSo 

The experimental data obtained through the procedures described 
previously have been normalized and are presented in graphical form. 

First, various pressure and velocity profiles will be discussed and 
then an overall discussion of the characteristics of flow will be under- 
taken. Finally, a comparison will be made between the experimental results 
and those obtained from the aiialysis of GoVtler and Glauert. 

Figures 6 and 7 present the normalized pressure p/P versus the angle 

o 

0 for the setbacks of 0.025** and 0.075**, for Re = 12,300, and for both 

w 

open and closed control port conditions. It is apparent from these two 
plots that there is a larger number of jet attachments, detachments, and 
reattachments for smaller setbacks. This is evidenced by the larger 
number of pressure oscillations for the smaller value of setback. 
Furthermore, it is apparent that as the setback increases, the low pres- 
sure region remains fairly constant and extends as far as 60 degrees from 
the outlet of the power jet at which point separation begins and the wall 
pressure rises sharply. Although it is not possible to assign an angular 
position to the point of separation. Figures 6 and 7 show that the separa- 
tion point (a better phraseology would be separation zone) is approxi- 
mately between 0 = 60 and 66 degrees. Another observation that can be 
made from the above plots is the fact that as the setback is increased 

the magnitude of the parameter p/P remains relatively constant until 

o 

separation occurs. This is true even though the magnitude of the wall 
pressure does change significantly. Also of note is the fact that the 
separation point is relatively insensitive to the amount of setback. 

As will be discussed later, the consequence of the stability of the low 
pressure zone for large setbacks renders the jet attachment and hence 
the pressure recovery significantly larger than those at smaller set- 
backs . 
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Figures 8 through 13 shovr the normalized velocity profiles for 

= 12,300, for the two setbacks of 0.025" and 0.075", and for various 
angular positions and control port conditions. It is immediately ap- 
parent from the data that the effect of the control port condition on 
the velocity profile being examined is larger for profiles closer to the 
power jet than for those at larger angles. As a matter of fact, it is 
for this very reason that the experimental velocity distributions for 
the region under consideration deviate more significantly from those pre- 
dicted theoretically as will be discussed later. It should, however, 
also be noted that a good agreement is not expected in view of the fact 
that the assumptions governing the theories do not include either the 
presence of a control port or of a setback. 

It is also apparent from Figures 8 through 13 that the closed con- 
trol port condition produces a velocity profile whose maximum occurs 
relatively closer to the curved wall. In ocher words, the jet, as 
would be anticipated, is "pulled" closer to the boundary due to the 
vacuum established in the control port. The difference in the velocity 
porfiles due to various control port conditions diminishes rapidly as 
one examines the velocity profiles farther away from the power jet. In 
particular Figures 12 and 13 show that one would obtain nearly identical 
velocity distributions for either control port condition. Finally, it is 
significant to note that the velocity profiles show the development of 
retarded flows near the boundary. The closed control port condition, 
by producing a stronger circulation near the boundary, gives rise to a 
larger flow retardation. 

Figures lA and 15 show the normalized pressure distributions similar 

to those presented in Figures 6 and 7 except for Re = 20,200. The cora- 

w 

ments regarding the condition of the control port remain valid for this 
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particular Reynolds number also* Once again the magnitude of the normal- 
ized pressure p/P^ remains essentially unchanged for the two values of 
setback. Furthermore, not only is the parameter relatively insensi- 

tive to setback but also to Reynolds number. 

Figures 16 through 21 present the velocity profiles as before except 

for Re = 20,200. The data bear out once again the effect of the vacuum 
w 

provided by the closed control port on the position of the jet, and on 
the velocity distribution. Additional comments are hardly necessary in 
view of the fact that the characteristics of the velocity profile were 
already discussed in connection with those presented at Re^ = 12,300. 

Figures 22 through 27 present a comparison of normalized velocity 
profiles for Re^ = 20,200 with those obtained from the analysis of 
Gortler and Glauert. The comparison is presented only for the open con- 
trol port condition. As anticipated, the effect of the control port and 
the setback on the velocity profile, which are not present in the theoreti- 
cal analysis, is most evident for the angular positions closer to the 
power jet. Figures 22 and 23 show that the theory predicts larger veloci- 
ties than those obtained experimentally. As the angle of the radial posi- 
tion is increased, i.e., 9-42 and 78 degrees, the agreement between the 
theoretical and experimental results is considerably improved. As a matter 
of fact. Figure 27 shows that there is fairly good agreement between the 
two studies. 

In conclusion it can be stated that for a given Reynolds number, an 
increased setback (within the range of setbacks tested) will result in a 
more stable jet attachment to the boundary. Also an increased Reynolds 
number tends to stabilize the attachment for a given setback. This is 
evidenced by both the pressure and velocity profiles. 
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Of special note is the finding that the magnitude of the parameter 
p/P^ is almost insensitive to Reynolds number, setback, and control port 
conditions. This is quite remarkable in view of the ranges of values 
investigated. 

As predicted by Nevmian, the separation angle was relatively insensi- 
tive to Reynolds number. But, in addition, the fact that the separation 
angle was also relatively insensitive to the value of setback and control 
port condition was wholly unexpected. 

Furthermore the disagreement between the theoretical and experiment- 
al velocity profiles near the power jet was to be expected due to the 
extremely different boundary conditions prevalent there. Also, the rela- 
tively better agreement at larger distances from the power jet was to be 
expected. This is simply due to the fact chat the flow in these regions 
is more nearly that of a combination of free jet and boundary layer flow 
rather than that of a free jet and Coanda Effect. 

The foregoing discussion has beeen confined to setbacks of 0.025’^ and 
0.075''^ although the experiments included an intermediate setback of 0.050*^ 
The data obtained with that particular setback, though not presented here- 
in for the sake of brevity, have in every aspect confimed the conclusions 
advanced herein. 
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5. 



Recommendations for Further Work» 



The investigation described herein should be extended to: 

(1) the study of the effects of geometry and Reynolds number 
for higher Mach numbers; 

(2) the study of the effect of a splitter plate in front of 
the power nozzle to better simulate a fluid amplifier with 
a curved Coanda-wall; 

(3) the study of the heated wall electro-fluid converter by 
heating the wall with a resistive heating element and 
altering the point of separation of the jet on the curved 
wall. 
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FIGURE 8. NORMALIZED VELOCITY PROFIIE 
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FIGURE 9* normalized VELOCITY PROFILE 
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FIGURE 10, NORMALIZED VELOCITY PROFIIE 
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FIGURE 11. NORMALIZED VELOCITY PROFILE 
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FIGURE 13, NORMALIZE^* VELOCITY PROFIIE 
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FIGURE 16. NORMALIZED VELOCITY PROFIIE 
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FIGURE 17. NORMALIZED VELOCm PROFILE 
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FIGURE 18. NORMALIZED VELOCITY PROFILE 
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FIGURE 19. NORMALIZED VELOCITY PROFILE 





FIGURE 20. NORMALIZED VELOCITY PROFILE 
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FIGURE 21. NORMALIZED VELOCITY PROFILE 
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FIGURE 26. COMPARISON OF ob^RTlER - GUUERT SOLUTION 
WITH EXPERIMENTAL DATA 
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FIGURE 27* COMPARISON OF GORTLER - GLAUERT SOLUTION 
WITH EXPERIMENTAL DATA 
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